This paper aims to develop photoanode material required by dye-sensitized solar cells. The material prepared is in the form of Ag@TiO 2 core-shell-type nanocomposites. This material is used to replace the titanium oxide powder commonly used in general DSSCs. The prepared Ag@TiO 2 core-shell-type nanocomposites are mixed with Degussa P25 TiO 2 in different proportions. Triton X-100 is added and polyethylene glycol (PEG) at 20 wt% is used as a polymer additive. This study tests the particle size and material properties of Ag@TiO 2 core-shell-type nanocomposites and measures the photoelectric conversion efficiency and IPCE of DSSCs. Experimental results show that the DSSC prepared by Ag@TiO 2 core-shell-type nanocomposites can achieve a photoelectric conversion efficiency of 3.67%. When Ag@TiO 2 core-shell-type nanocomposites are mixed with P25 nanoparticles in specific proportions, and when the thickness of the photoelectrode thin film is 28 m, the photoelectric conversion efficiency can reach 6.06%, with a fill factor of 0.52, open-circuit voltage of 0.64V, and short-circuit density of 18.22 mAcm −2 . Compared to the DSSC prepared by P25 TiO 2 only, the photoelectric conversion efficiency can be raised by 38% under the proposed approach.
Introduction
With the development of solar cells from single crystal, polycrystal, and amorphous silicon, to today's popular copper indium gallium selenide (CIGS), polymer solar cells and dye-sensitized solar cells (DSSC) have attracted extensive attention from academia and industry. Dye-sensitized solar cells (DSSCs) have attracted great interest as one of the most potential photovoltaic devices owing to their low cost and easy fabrication [1] [2] [3] . However, due to their disadvantages of low photoelectric conversion efficiency and short-period stability, DSSCs still have not been popularized [4] .
In 1991 Grätzel of the Swiss Federal Institute of Technology in Lausanne used TiO 2 powder to prepare semiconductor thin film as a photoelectrode. After the photoelectrode was mixed with Ru-complex dye sensitizer and Redox electrolyte and then illuminated under sunlight, its photoelectric conversion efficiency could reach 7% [5, 6] . This kind of cell is called a dye-sensitized solar cell (DSSC). Due to its cheap cost compared to other kinds of solar cells, DSSCs have gradually attracted more and more attention. In recent years, the efficiency of DSSCs even has been increased to 11% [7] . Murray et al. developed core-shell-type semiconductor nanocomposites [8] . Their manufacturing process employed trioctylphosphine (TOP) taken as surfactant and trioctylphosphine oxide (TOPO) as the solvent to produce a synthesized product made in a high-temperature environment. Revaprasadu 2 ] to carry out continuous thermal cracking and finally prepared CdSe@CdS core-shell-type semiconductor nanocomposites [9] . Furthermore, preparation of core-shell-type semiconductor nanocomposites by a water-in-oil method has also been achieved in recent years. Related studies have subsequently made nanocomposite particles of Au@Pb, Au@Sn, Au@Tl, Ag@Pb, Ag@Cd, and Ag@In; the optical properties of these particles have revealed 2 Journal of Nanomaterials blue shift phenomenon, where shell layer atoms provide electrons to core layer particles [10] .
Core-shell double-metal nanoparticles are mainly prepared and acquired by chemical reduction of the liquid phase. Rivas et al. firstly used citric acid to prepare Au nanoparticles and then used ascorbic acid to perform reduction of the Ag particles of sedimentary shell [11] . Mulvaney et al. used -ray to produce free radicals in solution and further carried out reduction of the metallic salt of shell [12] . As for nanocomposites composed of oxide, the main research targets of oxide have been SiO 2 , ZrO 2 , and SnO 2 nanomaterials with optical transparency, TiO 2 nanomaterial with photocatalytic and photoelectric semiconductor effects, and magnetic Fe 2 O 3 and Fe 3 O 4 nanomaterials [13] [14] [15] [16] . In 2011, Qi et al. of the Massachusetts Institute of Technology used the surface plasmon effect of Ag to increase the sunlight absorption of dye and as a result improved the efficiency from 3.1% to 4.4% [17] . Ag@TiO 2 core-shell-type nanocomposites have excellent visible light transparency [18] . Complete TiO 2 coating can effectively protect the Ag metal inside, preventing it from being corroded and affected by the external environment. Thus, this type of nanocomposite possesses the properties of both Ag nanometal and TiO 2 photoelectric material and effectively extends the life of material. Ag nanoparticles have the property of surface plasmon resonance, making it possible to absorb visible light and to excite the electron and hole. Moreover, TiO 2 has the unique property of ultraviolet absorption. Therefore, applying Ag@TiO 2 nanocomposites to DSSCs can effectively extend photoelectric reaction from the ultraviolet zone to the visible light zone. Furthermore, Ag@TiO 2 nanocomposites have excellent visible light transparency. Through the piling up of tiny nanoparticles, a porous structure is formed. This helps to increase the photoanode surface area. Below, this paper further analyzes the particle size and material.
This study mixes Ag@TiO 2 core-shell-type nanocomposite nanopowder with TiO 2 nanoparticles (Degussa P25 TiO 2 ) in suitable proportions (the mixing proportions of Ag@TiO 2 core-shell-type nanocomposite nanopowder and Degussa P25 TiO 2 nanoparticles are 10 : 0, 7 : 3, 5 : 5, 3 : 7, and 0 : 10). The mixed powder is made into a paste for coating on FTO conductive glass to carry out thermal treatment at 450 ∘ C. After simple packaging, DSSC components are made. This study investigates the surface structure and photoelectric conversion efficiency of core-shell-type photoanode structure.
Experimental Details
Using the chemical reduction method, the study prepares nano-Ag for an experiment. After metallic precursor salt is dissolved in the solvent, reduction of metallic ions is performed by a reducing agent, achieving pure Ag metallic nanoparticles [19] . After that, TiO 2 nanomaterial is coated on the surface of the metallic nanoparticles. Alcohol titanyl precursor salt is dispersed in ethanol solution. The solution is added to the prepared nano-Ag solution to carry out hydrolysis. Polycondensation is carried out through low-temperature heating and drying, and Ag@TiO 2 coreshell-type nanocomposites are synthesized [20] .
The solution is preblended for direct use through the following steps.
(a) Weigh 0.1822 g of cetyl trimethylammonium bromide (CTAB) powder and dissolve it in 500 mL of pure water so as to prepare 1 mM of CTAB aqueous solution.
(b) Weigh 0.1699 g of silver nitrate (AgNO 3 ) powder and dissolve it in 20 mL of pure water so as to prepare 50 mM of AgNO 3 aqueous solution.
(c) Absorb 48.6 mL of hydrazine (N 2 H 5 OH) solution and dissolve it in 10 mL of pure water so as to prepare 100 mM of N 2 H 5 OH aqueous solution.
Absorb 1 mM of CTAB and 20 mL of aqueous solution in a sample bottle and stir the bottom using a magnet. In a water bath environment at 30 ∘ C, absorb 100 mM of N 2 H 5 OH aqueous solution. Add 0.5 mL to the CTAB solution and stir it well using a magnet until it is mixed evenly. In a water bath environment at 30 ∘ C, absorb 50 mM of AgNO 3 aqueous solution. Add 0.5 mL slowly to the CTAB and N 2 H 5 OH aqueous solutions made in the above steps and stir them using a magnet for 10 minutes to elicit a reaction. An evenly dispersed yellowish transparent pure Ag nanoparticle solution is obtained. This dispersion solution can be provided for subsequent synthesis of Ag@TiO 2 . Advanced preparation of the solution for convenient and direct use is carried out as follows: absorb 7.45 L of titanium isopropoxide (TTIP) solution and evenly disperse 25 mL of ethanol so as to prepare 1 mM of TTIP ethanol solution.
The prepared pure Ag nanoparticle solution is poured into a 100 mL serum bottle. Stir the bottom continuously using a magnet. Slowly pour 25 mL of pure Ag nanoparticle solution several times into the 1 mM of prepared TTIP methanol solution and stir the bottom intensely using a magnet. Continue stirring intensely for 10 minutes. Use a test tube oscillator to carry out a continuous oscillating reaction for 1 hour. Then TiO 2 can completely coat the surface of pure Ag nanoparticles and achieve a Ag@TiO 2 core-shell-type nanocomposite solution. Centrifugal separation is conducted on the acquired Ag@TiO 2 core-shell-type nanocomposites, and they are washed by ethanol and pure water several times. After they are dried in oven at 60 ∘ C, Ag@TiO 2 coreshell-type nanocomposite powder is obtained for further analysis. Comparing the photoelectric conversion efficiencies for mixtures of Ag@TiO 2 core-shell-type nanocomposite nanopowder and Degussa P25 TiO 2 in different proportions, this study selects 5 representative mixing proportions for application to photoanodes thin film in DSSCs. The five representative mixing proportions of Ag@TiO 2 core-shelltype nanocomposite nanopowder and Degussa P25 TiO 2 nanoparticles are 10 : 0, 7 : 3, 5 : 5, 3 : 7, and 0 : 10.
The conductive glass material selected for the photoanode and counter electrode in this study is fluorine-doped tin oxide (FTO). First of all, the conductive glass is cut into the size 2.5 cm * 2 m and then placed in acetone. After being oscillated in an ultrasonic oscillator for 10 minutes, the conductive glass is washed by deionized water and then placed in anhydrous methanol to be oscillated in an ultrasonic oscillator for another 10 minutes. After the conductive glass is washed by deionized water and dried in an oven, adhesive tape is stuck on the conductive side of the conductive glass. An area of 1 cm * 1 cm is left in the middle to be coated by the well-blended Ag@TiO 2 core-shell-type nanocomposite paste by a spin coater for 10 seconds, with spinning speeds set at 500 rpm, 800 rpm, 1000 rpm, and 1200 rpm to produce thin films of different thicknesses. The advantage of using spin coating method was that the acquired thin film could have even thickness. The coated conductive glass is firstly placed in the oven at 50 ∘ C to be dried for 10 minutes. After that, the adhesive tape is removed from the conductive glass, which is then placed in a sintering furnace. The sintering process is to let temperature rise (at 10 ∘ C/min) to 70 ∘ C, which is kept unchanged for 15 minutes. After that, the temperature is increased (at 10 ∘ C/min) to 400 ∘ C and then kept unchanged for 30 minutes, completely changing the TiO 2 into a pure anatase phase. Anatase TiO 2 has better photoelectric properties. After heating is completed, it is placed in the oven for natural cooling to room temperature. Then the preparation of photoanode thin film is complete.
For the preparation of the counterelectrode thin film, a platinum (Pt) thin film with a thickness of around 20 nm is sputtered on the surface of FTO conductive glass, with sputtering parameters set at vacuum degree of 6 Pa, electric current value of 30 mA, and sputtering time of 120 seconds. After completion of sputtering, Teflon adhesive tape is stuck on the thin film surface, with an area of 0.5 cm * 0.5 cm left illuminated.
Next, the photoanode is soaked in N719 dye for 24 hours, without light illumination from the outside and under a suitable temperature, and the dye residue on the surface is washed away by acetonitrile. The photoanode and counter electrode are superimposed as a sandwich assembly. An electrolyte is injected into the gap between photoelectrode and counter electrode, but air bubbles should not be produced. Finally, the two sides are fixed by foldback clips, and a segment of copper paste is stuck on the conductive side of counter electrode in order to increase and strengthen its conductivity for subsequent testing. Then, the simple packaging of the DSSC is completed. After completion of assembly, the light of a xenon (Xe) lamp at 150 W is used to simulate sunlight (AM 1.5) and combined with a Keithley 2400 to assemble as an I-V curve analyzer. Before testing, the distance between the light source and sample should be adjusted, and the light density is set at 100 mW/cm 2 . With the measurement results, an I-V curve can be obtained. Based on the I-V curve, this study further acquires oc (V), sc (mA/cm 2 ), FF, and %.
Results and Discussion
Through SEM analysis, the appearance, particle size, and hole size of Ag@TiO 2 core-shell-type nanocomposites can be directly observed. shows that, through the piling up of many tiny nanoparticles, Ag@TiO 2 photoanode forms a porous structure. As observed in the figure, Ag@TiO 2 holes are looser. The porous structure possesses not only great surface area, but also good absorption of N719 dye. Meanwhile, it aids in the penetration of the electrolyte. This is believed to effectively enhance the efficiency of the photoelectric chemical reaction. Figure 1(b) shows a cross-section of a lateral view of the SEM image. It can be observed that the thickness of Ag@TiO 2 photoanode thin film is 28 m. The holes of Ag@TiO 2 photoanode thin film are looser. Nevertheless, the loose structure of the holes is helpful for penetration of the electrolyte. This is expected to enhance the results of photoelectric chemical reaction more effectively. Moreover, as observed from the cross-section of the SEM image, a FTO conductive glass layer of around 0.9 m is found on the lower layer. After thermal treatment, the binding force between the thin film and the glass is increased, proving that a path is formed after the Ag@TiO 2 photoanode thin film contacts the conductive glass layer and also indicating that this working electrode can really carry out a photoelectric chemical reaction.
The appearance of the Ag@TiO 2 core-shell-type nanocomposite powder synthesized in this study reveals even spherical particles, and very excellent dispersion, without agglomeration. Figures 2(a), 2(b) , and 2(c) are general TEM photographs and HR-TEM photographs. After careful observation of each particle, it is found that the original particles with darker color inside are Ag particles, which are externally coated by light grayish TiO 2 shells, directly showing that this study successfully synthesizes core-shell-type nanocomposite structure. As observed from the analysis results of Figures 2(a) and 2(c) , the particle size of the Ag@TiO 2 core-shell-type nanocomposites is 10.5 nm. Based on particle size distribution of Ag@TiO 2 , the core diameter of Ag is estimated to be around 9.5 nm, and the diameter of the shell is around 1 nm. The TiO 2 shell does not show any noticeable change of core size. In Figure 2 (c), the lattice structure of the Ag core can be clearly seen, and the structure of the TiO 2 shell appears to be in the noncrystalline phase. The results shown in the TEM and HR-TEM photographs can prove that the synthesized Ag@TiO 2 has complete nanocomposite structure and is evenly coated. Using the EDS attached to the TEM, this study focuses on Figure 2 (c) to carry out composition analysis of the Ag core and TiO 2 shell by acquiring the composition structure of this single area. As seen in Table 1 , when composition analysis of the core is carried out, the elements of Ag appear to have a very strong plasmon absorption band. When focusing on the part of shell, the plasmon absorption band of Ag cannot be observed ( Table 2 ), proving that Ag@TiO 2 has a core-shelltype nanocomposite structure which really takes Ag as its core and TiO 2 as its shell.
The HR EDS mapping function attached to EDS can focus on a single Ag@TiO 2 core-shell particle to analyze the composition of its elements. Focusing on Figure 3 , when the mapping function is performed on a single core-shell particle, Ag atoms are obviously found to be agglomerated in the core, which is evenly coated by O and Ti atoms. This clearly proves that Ag atoms are completely coated by TiO 2 , and the outer shell is evenly dispersed. This also proves that Ag@TiO 2 has a core-shell-type nanocomposite structure, which really takes Ag as the core and TiO 2 as the shell.
This study analyzes and tests the XRD crystalline phase structure of Ag@TiO 2 core-shell particles using an X-ray powder diffractometer. After comparison with the database published by Joint Committee on Powder Diffraction Standard (JCPDS), the results are shown in Figure 4 . From the XRD analytic results before calcinations of Ag@TiO 2 coreshell-type nanocomposites shown in Figure 4 that even though TiO 2 coating is applied the Ag core still has not been oxidized. Nevertheless, XRD analysis before sintering of Ag@TiO 2 shows no plasmon absorption band belonging to TiO 2 , indicating that the shell with TiO 2 coating has a noncrystalline phase structure. This may be because when TiO 2 is coated on the outer layer of Ag, as affected by the core of metal and restricted by thinner thickness, the crystalline phase growth of TiO 2 shell is suppressed, thus leading to this noncrystalline phase structure. Moreover, it is noteworthy that, in the XRD analysis after calcination
Journal of Nanomaterials of Ag@TiO 2 core-shell-type nanocomposites at 400 ∘ C for 1 hour, the Ag is also not oxidized (Figure 4(b) ). This indicates that even when calcination is performed under high temperature 400 ∘ C for 1 hour the Ag core still maintains its pure metallic properties, without any sign of being oxidized. This also reveals the protective effect of TiO 2 for the outer layer. Nevertheless, besides the plasmon absorption band of Ag, some weak signals can still be found, such as where the plasmon absorption bands 2 = 25.3 ∘ , 30.5 ∘ , and 50.5 ∘ just meet the (101) crystalline surface of pure anatase TiO 2 and the signals of the FTO conductive layer. This clearly shows that, under calcinations at high temperature 400 ∘ C for 1 hour, the TiO 2 shell can transform from a noncrystalline phase into a weak pure anatase structure. Its plasmon absorption bands are at positions 2 = 25.3 ∘ , 48.1 ∘ , 53.9 ∘ , and 54.3 ∘ , which correspond to the crystalline sides (101), (200), (105), and (211) of pure anatase, respectively.
Through UV-Vis spectroscopic analysis, we can examine the optical properties of Ag@TiO 2 core-shell-type nanocomposites acquired in this study, and the absorption properties under ultraviolet and visible light can be understood. This study verifies the visible light absorption effect of such coreshell-type nanocomposites and compares it with commercially used TiO 2 nanoparticles (Degussa P25 TiO 2 ) for analysis. We use anhydrous ethanol as the substrate, with the addition of commercially used TiO 2 nanoparticles (Degussa P25 TiO 2 ) and Ag@TiO 2 core-shell-type nanocomposites to carry out oscillation by ultrasonic oscillator for 15 minutes, making them evenly dispersed in anhydrous ethanol. A quartz tube is placed in the machine. Spectroscopy is used to measure the light absorption strength of P25 TiO 2 and Ag@TiO 2 core-shell-type nanocomposites. Figure 5 shows the UV-Vis absorption spectrum analysis of Ag, Ag@TiO 2 , and Degussa P25 TiO 2 . Since the Ag nanoparticle has the property of surface plasmon resonance, it has very strong ability to absorb visible light. The main absorption peak is around the wavelength of 410 nm. Degussa P25 TiO 2 and Ag@TiO 2 core-shell-type nanocomposites are in the ultraviolet zone at 250∼380 nm, and both have good absorption ability. This is because of TiO 2 's unique ultraviolet absorption property. Since the Ag nanoparticle has the property of surface plasmon resonance, it has very strong ability to absorb visible light. After coating the outer layer TiO 2 , the absorption peak of Ag@TiO 2 redshifts from 360 nm to 450 nm. This is mainly because the outer TiO 2 shell has a high refraction rate and completely coats the Ag core, leading to an obvious redshift of the absorption peak for 90 nm. The absorption peak extends from the ultraviolet zone to the visible light zone. Such an obvious redshift really proves that the absorption wavelength range of photoelectric conversion increases.
Ag@TiO 2 core-shell-type nanocomposite nanopowder is mixed with TiO 2 nanoparticles (Degussa P25) in suitable proportions. The mixing proportions of Ag@TiO 2 core-shelltype nanocomposite nanopowder and Degussa P25 nanoparticles are 10 : 0, 7 : 3, 5 : 5, 3 : 7, and 0 : 10. The mixed powder is made into paste for coating on FTO conductive glass so as to carry out thermal treatment at 450 ∘ C. After simple packaging, DSSC components are made, and the performance of DSSC components is analyzed. Journal of Nanomaterials As shown in the test results in Figure 6 and Table 3 , when the mixing proportion of Ag@TiO 2 core-shelltype nanocomposite nanopowder and Degussa P25 TiO 2 nanoparticles is 3 : 7, an optimal photoelectric conversion efficiency of 5.5% is achieved. Since the transmission of electrons does not get faster after Degussa P25 TiO 2 nanoparticles are added to Ag@TiO 2 core-shell-type nanocomposite nanopowder, light scattering ability can be increased. Furthermore, since the Ag core has the property of surface plasmon resonance, it can effectively absorb visible light. Its role is similar to the dye in a DSSC, helping the Ag@TiO 2 photoelectrode to achieve very effective absorption in the visible light zone. As for the other mixing proportions of Ag@TiO 2 core-shell-type nanocomposite nanopowder and Degussa P25 TiO 2 nanoparticles at 10 : 0, 7 : 3, 5 : 5, and 0 : 10, according to the tests, the photoelectric conversion efficiencies of their photoelectrode thin films are 3.6%, 4.2%, 4.6%, and 4.4%, respectively. Amongst them, for the components of Ag@TiO 2 core-shell-type nanocomposite nanopowder in the proportion of 100 : 0, it is estimated that the proportion of anatase TiO 2 is not enough. Therefore, the photoelectric conversion efficiency result is not as good as expected. The product information of Degussa P25 TiO 2 shows that anatase occupies 3/4 of the entire product. Thus, after Degussa P25 TiO 2 powder is added at a fixed percentage of 30%, the synthesized Ag@TiO 2 core-shell-type nanocomposite nanopowder significantly enhances the photoelectric conversion efficiency. For Degussa P25 TiO 2 nanoparticles with the proportion of 0 : 100, the thickness of 26 m is estimated to be rather high. Thus, the transmission distance of the electrons excited by dye on the TiO 2 of conductive glass surface is lengthened. Under this process, the electrons can recombine with electrolytes more easily. Therefore, the photoanode thin film is thicker. Although more electrons can be produced, the electrons cannot be completely and effectively guided to FTO glass, resulting in an efficiency of 4.4%.
When the mixing proportion of Ag@TiO 2 core-shelltype nanocomposite nanopowder and Degussa P25 TiO 2 nanoparticles is 30 : 70, different thin film thicknesses of components are tested in order to find the optimal thin film thicknesses. As proved by experiments, under the condition of spin coating speeds at 500 rpm, 800 rpm, 1000 rpm, and 1200 rpm, the prepared thin film thicknesses were around 24, 26, 28, and 30 m, respectively. This study also explores the mutual effects of thin film thickness and photoelectric conversion efficiency. Experimental results show that when the thickness of the photoelectrode film is 28 m, DSSC components achieve an optimal photoelectric conversion efficiency of 6.06%. When the film thickness is 26 m, the photoelectric conversion efficiency is 5.55%, and the optimal photocurrent density of 18.22 mA/cm 2 is achieved. When the film thickness of the components is 24 m, the photoelectric conversion efficiency is reduced to 5.18% and the photocurrent density is 13.628 mA/cm 2 . As seen from the test results, photoelectrode thickness and photoelectric conversion efficiency are closely related, but there is not an absolute linear relationship. Related test results are shown in Figure 7 and Table 4 .
With the increase of film thickness, photoelectric conversion efficiency and photocurrent density both fall after reaching their maximum values. This could be attributed to the following reasons. Firstly, with the increase of thin film thickness, tiny air bubbles can easily be produced in coating material. In this case, when the photoanode is sintered at 400 ∘ C, collapse and cracking occurs. Secondly, with the increase of thin film thickness, the translucence of the photoanode declines. When photoelectric conversion efficiency is tested, incident light cannot penetrate the bottom layer of the thin film effectively. Dye molecules thus jump into an excited state and the production of photoelectrons is restricted. As a result, higher photoelectric conversion efficiency cannot be obtained. Figure 8 shows the test results of the incident photonelectron conversion efficiency (IPCE) of Ag@TiO 2 core-shelltype nanocomposite powder. The absorption band of N719 dye is 500∼600 nm. The figure also shows clearly that the peak value is at wavelength of 550 nm, indicating that after absorption of incident light at such a wavelength range the excited electrons in N719 dye have completed transmission and produced electric energy. According to the previously mentioned equation, the photocurrent value ( sc ) is the integration of IPCE value to wavelength ( ). When the numerical value is higher, the converted numerical photocurrent value increases. As seen in Figure 8 , the component has a maximum IPCE value of around 35% at the wavelength of 550 nm.
Conclusion
This study explores the preparation of TiO 2 nanoparticles and core-shell-type nanocomposites of Ag metal and provides related analysis. Comparing the photoelectric conversion efficiencies for mixtures of Ag@TiO 2 core-shelltype nanocomposite nanopowder and Degussa P25 TiO 2 in different proportions, this study finds the optimal film thickness for application to photoanodes in DSSCs. Experimental results show that the photoelectrode thin film prepared at the mixing proportion of 3 : 7 with Ag@TiO 2 core-shelltype nanocomposite nanopowder and Degussa P25 TiO 2 nanoparticles achieves a thin film thickness of around 28 m, fill factor of 0.52, open-circuit voltage of 0.64 V, and shortcircuit density of 18.22 mAcm −2 . Compared to the DSSC prepared by Degussa P25 TiO 2 , its photoelectric conversion efficiency can be enhanced by 38%.
